Introduction
Nanoporous inorganic materials with a uniform pore diameter of enzyme dimensions are a promising stable host for enzymes because enzymes encapsulated within the well-designed nanoporous hosts exhibit high stabilities and efficient enzyme activities under not only physiological conditions but also harsh reaction conditions. [1] [2] [3] [4] [5] [6] [7] Among various inorganic nanoporous materials, surfactant-templated mesoporous silica materials have been considered an ideal host due to their uniform and ordered pore structures suitable for accommodating enzymes. [1] [2] [3] [4] [5] [6] [7] The pore diameter of mesoporous silica can be tuned within a range from 2 nm to tens of nanometers and the pore size distribution is narrow. [8] [9] [10] [11] [12] Artificial enzymatic materials have been developed by encapsulating enzymes into the mesoporous silica host using these characteristic features. [1] [2] [3] [4] [5] [6] [7] [13] [14] [15] [16] [17] [18] [19] [20] Encapsulation efficiency of enzymes within mesoporous silica is mainly influenced by two factors: size matching of the enzyme and the pore diameter; and surface characteristics of the mesoporous silica. 1 These two factors are also considered essential for stabilizing the enzyme activity within the mesoporous silica host. 1 The size matching can be achieved by preparing mesoporous silica with a desirable pore diameter accommodating a size-matched enzyme. [1] [2] [3] [4] [5] [6] [7] As for the surface characteristics, the surface charge of mesoporous silica play an important role for adsorption of enzymes inside the silica mesopores. 1, [3] [4] [5] [6] [7] In addition to the surface charge, the hydrophobic or hydrophilic property of the mesopore surface is also considered an important factor for enzyme adsorption. 21, 22 The regulation of the surface characteristics of the silica mesopores has usually been attempted by controlling the dissociation of surface silanols and/or by derivatizing the surface silanol groups with functional organic silanes. [1] [2] [3] [4] [5] [6] [7] [21] [22] [23] The derivatization with hydrophobic functionalities of silica mesopores has been known to improve the stability and activity of enzymes inside the mesopores. [23] [24] [25] [26] For example, Blanco et al. 23 demonstrated the enhanced stability of a lipase encapsulated in mesoporous silica functionalized with hydrophobic octadecylsilyl (ODS) groups. Since then, several encapsulation methods have been studied to attain efficient adsorption of enzymes on a hydrophobic pore surface. One usual method is to adsorb an enzyme at a pH near its isoelectric point (pI). 23, 24 Han et al. 25 reported that adsorption of an enzyme could be enhanced under high pressure conditions. In these encapsulation methods, native enzymes have been studied.
On the other hand, covalent attachment of polymers such as polyethylene glycol (PEG) to enzymes has attracted much attention because of the enhanced stability of the modified enzymes.
to establish a stable enzymatic reaction system. Accordingly, we examined the pegylation effect on enzyme adsorption onto the hydrophobized pore surface of mesoporous silica.
In the present study, we used optical waveguide (OWG) spectroscopy to characterize adsorption and desorption behaviors of pegylated myoglobin (PEG-Mb) in mesopores (pore diameter = ca. 6 nm) modified with ODS groups. Myoglobin is a redox active protein that is commonly used for the study of immobilized enzymes and proteins. In OWG spectroscopy, the OWG modes are excited in a mesoporous film on a metallic thin layer (Fig. 1) , which is observed as a sharp attenuation dip in the reflection spectrum. [30] [31] [32] [33] [34] [35] [36] [37] OWG modes are indexed by the direction of light polarization and the number of nodes in their electric field distributions. Among transverse electric (TE) and transverse magnetic modes that are respectively excited by s-and p-polarized light, the electric field distribution of the TE0 mode of a Gaussian shape is known to effectively cover the mesoporous waveguide film, [34] [35] [36] [37] and thus the TE0 mode was excited in the present OWG measurements. Since the position of the attenuation dip is sensitive to the changes in the refractive index of the mesoporous waveguide film, the OWG spectroscopy serves as a powerful technique to monitor adsorption and desorption events of both colored and colorless enzymes in the thin mesoporous silica films. [31] [32] [33] [34] [35] [36] [37] For the OWG spectroscopy experiments, ODS-modified mesoporous silica (ODS-MS) film was formed on an aluminum (Al) thin layer deposited on a glass substrate. The ODS/Al bilayer film on the glass substrate was covered with a polydimethylsiloxane (PDMS) substrate to form a flow cell according to the procedures described previously. 36 Adsorption and desorption behaviors of PEG-Mb at the ODS-MS film were monitored by OWG spectroscopy when a sample solution was flowing through the flow cell. The results we obtained on the adsorption equilibrium and adsorption/desorption dynamics of PEG-Mb confirmed the usefulness of pegylation to obtain enhanced adsorption of PEG-Mb onto the hydrophobic surface of silica mesopores.
Experimental

Reagents and chemicals
Myoglobin (Mb) from horse heart and Pluronic F127 (F127: PEO106 PPO70 PEO106), which is a non-ionic triblock copolymer consisting of polyethyleneoxide (PEO) and polypropyleneoxide (PPO), were purchased from Sigma-Aldrich (Tokyo, Japan). Comb-shaped PEG (PM13; SUNBRIGHT AM-1510K; Mw, 15 -20 kDa) was purchased from NOF Corp. (Tokyo, Japan). A rectangular cover glass substrate (24 × 45 × 0.3 mm, Matsunami Glass Ind., Ltd., Osaka, Japan) was used for each sample substrate. Al wire (99.99%; Nilaco Co., Tokyo, Japan) was used for the thermal deposition of an Al layer on the glass substrate. Milli-Q water was used for all experiments. Other chemicals were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
Preparation of PEG-modified myoglobin (PEG-Mb)
PEG-Mb was prepared according to the literature 38 with some modifications. Mb (10 mg) and PEG (15.5 mg) were dissolved into a phosphate buffer solution (2 mL, pH 7.4) and then stirred for 6 h at room temperature. Completion of the reaction of one lysine residue of Mb (32 -37 kDa) and one maleic anhydride moiety of PEG to form amide bonding was confirmed by the decrease of reactive lysine residues using the trinitrobenzene sulfonic acid assay. 39 After modification, ultra filtration (Amicon Ultra 30 kDa; Millipore) was repeated three times to remove unreacted Mb and PEG.
Preparation of ODS-MS film
Details of the fabrication procedures for ODS-MS films were described in our previous report. 36 In brief, an acidic precursor solution, containing F127 as a template surfactant and tetraethoxysilane as a silica source, was deposited by dip-coating on a thin Al layer (thickness = 12 nm) evaporated on the cover glass substrate. Then, the as-prepared sample substrate was heated at 70 C overnight to form a mesoporous silica layer containing F127 on the Al layer. To replace the template F127 surfactant by ODS, the sample substrate was immersed in 30 mL of dry toluene containing octadecyldimethylchlorosilane, and heated under reflux. The surface coverage of the ODS groups was controlled by changing the reflux time (1 or 24 h). The end-capping of the residual surface silanols was done by derivatizing them with trimethylchlorosilane. After thoroughly rinsing with toluene and ethanol, the resultant sample substrates with an ODS-MS film were used for the OWG experiments. Hereafter, the ODS-MS films are designated as ODS-MS1 and ODS-MS24 depending on the refluxed time of 1 h or 24 h. As a reference, mesoporous silica (MS) film without ODS was prepared on a cover glass substrate according to the following procedures: the as-prepared MS film was heated at 70 C overnight, and then was calcined at 420 C for 4 h to remove the template F127 surfactant.
The pore structures of the ODS-MS films were confirmed by field emission scanning electron microscopy (FE-SEM; Hitachi, S-4800) and X-ray diffraction (XRD) measurements. The XRD pattern of the ODS-MS film was recorded on a MAC Science/ Bruker M21X with Cu Kα radiation. The diffraction pattern was recorded in the 2θ range of 0.5 -10 , at a 0.01 2θ step size and 2 s step time, running at a voltage of 45 kV. Characterization of the ODS groups of the ODS-MS films was carried out by Fourier transform infrared spectroscopy (FT-IR; Jasco, FT-IR 6200). 
OWG spectroscopy
The details of the experimental setup for the OWG spectroscopy were described in our previous report. 36 In brief, s-polarized white light from a Xe lamp (Hamamatsu Photonics; L8254, 150 W) was irradiated on the ODS-MS/Al/glass sample substrate and its reflection spectra were measured by using a multichannel analyzer (Hamamatsu Photonics; PMA-11) (Fig. 1) . A fluidic channel (total volume, 2.8 μL; channel width, 1.5 mm; channel depth, 0.14 mm) was fabricated using a PDMS substrate that was placed on the ODS-MS/Al/glass sample substrate. A syringe pump (Harvard Apparatus; Model 11 plus) was used to deliver the sample solution into the fluidic channel and the OWG spectroscopy measurements were performed with continuous flow of PEG-Mb in a phosphate buffer solution (pH 7.0) at 15 μL min -1 . Figure 2 shows typical SEM images of the ODS-MS1. The mesochannels are clearly seen in the top view and a relatively ordered pore structure is recognized for the cross-sectional view of the cleaved sample substrate. The SEM images of the MS film without ODS modification and for ODS-MS24 are essentially the same as those of ODS-MS1. Figure 3 shows typical XRD patterns of ODS-MS1 and ODS-MS24, together with that of the MS film without ODS. In all XRD patterns, two diffraction peaks are recognized at around 0.69 and 1.20 for MS, 0.72 and 1.32 for ODS-MS1, and 0.74 and 1.33 for ODS-MS24. These data correspond to d values of 12.7 nm and 7.4 nm, 12.2 nm and 6.7 nm, and 11.9 nm and 6.6 nm, respectively. The slight shifts of the XRD peaks indicate that the effective pore diameter slightly decreases as the amount of the ODS group on the mesopore surface increases. The SEM images and XRD patterns shown in Figs. 2 and 3 are equivalent to those of mesoporous silica films with a layered structure. 40 The pore diameter estimated from the SEM images is ca. 6 nm. The film thickness estimated by analyzing optical interference pattern in transmittance spectrum 36 is 340 nm. Figure 4 shows FT-IR spectra of ODS-MS films prepared at different ODS modification times, together with the spectrum of the MS film without ODS. For FT-IR experiments, MS sample films were prepared on the glass substrates without an Al layer to avoid the strong IR absorption by Al layer, and other preparation conditions were the same as the films of MS, ODS-MS1, and ODS-MS24. The sawtooth pattern that appears in the FT-IR spectra is due to the optical interference from the optically flat and thin MS films. For ODS-MS1 and ODS-MS24, asymmetric and symmetric methylene (-CH2-) stretching bands can be recognized at around 2922 and 2850 cm -1 . The strongest band at 2922 cm -1 for ODS-MS24 is closely related to the band observed for highly ordered and all-trans straight octadecylchains in a densely packed ODS monolayer (2915 -2920 cm -1 ) rather than that for disordered octadecyl-chains in a less densely packed ODS monolayer (2928 cm -1 ). 41 This result implies that ODS-MS24 contains a relatively dense ODS layer and the majority of the ODS chain conformations are presumably in the trans conformational state. The surface coverage of ODS for ODS-MS1 is about 1.7 times smaller than that for ODS-MS24 based on an estimation that used the band intensities of the asymmetric methylene stretching bands. Figure 5 shows typical reflection spectra before and after adsorption of PEG-Mb at ODS-MS1. The position of the Transmittance / a.u.
Results and Discussion
Characterization of MS layer
Adsorption and desorption behaviors of PEG-Mb at ODS-MS
MS ODS-MS1 ODS-MS24 5%T
Wave number / cm -1 
where ΔλOWG, Δλ max OWG, C, and Kads are the wavelength shift of the attenuation dip at time t, the maximum wavelength shift at the equilibrium, the concentration of PEG-Mb in the solution phase, and the adsorption constant, respectively. The adsorption isotherm data shown in Fig. 6 can be well fitted to Eq. (2), and the estimated adsorption parameters are listed in Table 1 . Since the adsorption constants found for ODS-MS1 (3.2 μM -1
) and ODS-MS24 (3.1 μM -1 ) are almost the same, the affinity between PEG-Mb and the ODS layers can be considered not to be affected by the ODS coverage. On the other hand, Δλ max OWG for ODS-MS1 is 3.6 times larger than that for ODS-MS24, indicating that the adsorption of PEG-Mb on the pore surface is suppressed when the surface coverage of the ODS groups is relatively high.
The FT-IR spectrum of ODS-MS24 suggests that the octadecyl-chain conformation for ODS-MS24 is mainly in the trans conformational state (straight chain) due to the relatively high surface coverage of the ODS groups. In this case, the straight chain conformation would be maintained even if the pores are filled with water, 42, 43 and the average thickness of the ODS layer has been reported as about 2 nm. 41 Accordingly, considering the diameter of the silica mesopore (ca. 6 nm) and the size of native-Mb (2.1 nm × 3.5 nm × 4.4 nm), 44 the effective pore diameter of ODS-MS24 is smaller than the size of PEG-Mb. The steric hindrance by the relatively dense ODS layer for ODS-MS24 could inhibit the adsorption of PEG-Mb on the pore surface. On the other hand, for ODS-MS1 with a less densely packed ODS layer, the ODS-chains could be significantly disordered. 42, 43 Due to the disordered structure of the octadecyl-chain, it seems that the pores in ODS-MS1 have enough space for the adsorption and diffusion of PEG-Mb into them.
The effect of the ODS coverage on the diffusion of PEG-Mb inside the mesopores is discussed from the time-course changes in the relative adsorbed amount (ΔλOWG(t)/ΔλOWG( )). where ΔλOWG(t), ΔλOWG( ), n, Dapp, and l are the ΔλOWG value at time t, the ΔλOWG value at equilibrium, an integer, the apparent diffusion coefficient (in cm 2 s -1
) of PEG-Mb inside the mesopores, and the thickness of the porous layer (in cm), respectively. The adsorption kinetic data can be well fitted to Eq (3), and the apparent diffusion coefficients obtained from the fitting results are 1.2 × 10 -12 cm 2 s -1 for ODS-MS1 and 0.33 × 10 -12 cm 2 s -1 for ODS-MS24 (Table 1 ). The apparent diffusion coefficient for ODS-MS24 is about four times smaller than that for ODS-MS1. The steric hindrance by the relatively dense ODS layer for ODS-MS24 is likely responsible for the slower diffusivity, taking the difference in the ODS coverage into account. This result is comparable with the results reported for the adsorption behavior of lipase on a hydrophobic surface that was studied by fluorescence recovery after photobleaching, and which showed that higher hydrophobicity and surface coverage of silica surface resulted in a lower diffusion coefficient of lipase. 45 For encapsulation of PEG-Mb into the ODS-modified silica mesopores, both adsorption and desorption of PEG-Mb should be considered. Figure 7 shows adsorption and desorption dynamics of PEG-Mb observed with flow of a PEG-Mb solution (10 μM, pH 7.0) for adsorption and a phosphate buffer solution (pH 7.0) for desorption. After the injection of the PEG-Mb solution into the flow cell, the adsorption of PEG-Mb almost reaches equilibrium at 350 s and 600 s for ODS-MS1 and ODS-MS24, respectively.
On the other hand, complete desorption of PEG-Mb is not observed for the flowing buffer solution after 600 s and about 64% and 84% of the PEG-Mb remains within ODS-MS1 and ODS-MS24, respectively. The slower desorption rate than the adsorption rate indicates the possibility of the effective encapsulation of pegylated proteins into the hydrophobic mesopores of a silica host.
Conclusions
Adsorption of PEG-Mb in the silica mesopores (pore diameter = ca. 6 nm) modified with ODS was examined by OWG spectroscopy, clearly confirming that PEG-Mb was adsorbed onto the ODS-modified silica mesopore surface by the hydrophobic interaction between the PEG moiety and the ODS layer on the inner pore surface of ODS-MS. In addition, the presence of the relatively dense ODS layer prevented the adsorption of PEG-Mb on the pore surface and suppressed the diffusivity of PEG-Mb inside the pore. Since the desorption rate of PEG-Mb is much slower than the adsorption rate, the pegylation of an enzyme was suggested to be effective for the enzyme encapsulation into the hydrophobic mesoporous silica host. 
